Abstract Bile acids are well known for their effects on cholesterol homeostasis and lipid digestion. Since the discovery of bile acid receptors, of which there are farnesoid X receptor (FXR), a nuclear receptor, and the plasma membrane G-protein receptor, as well as Takeda G-protein coupled receptor clone 5, further roles have been elucidated for bile acids including glucose and lipid metabolism as well as inflammation. Additionally, treatment with bile acid receptor agonists has shown a decrease in the amount of atherosclerosis plaque formation and decreased portal vascular resistance and portal hypotension in animal models. Furthermore, rodent models have demonstrated antifibrotic activity using bile acid receptor agonists. Early human data using a FXR agonist, obeticholic acid, have shown promising results with improvement of histological activity and even a reduction of fibrosis. Human studies are ongoing and will provide further information on bile acid receptor agonist therapies. Thus, bile acids and their derivatives have the potential for management of liver diseases and potentially other disease states including diabetes and the metabolic syndrome.
Introduction
Bile acids, the principal constituent of bile, are synthesized from cholesterol in the hepatocytes and secreted into the bile canaliculi to be stored in the gall bladder [1] .
In response to a meal, the gall bladder contracts and bile flows into the small intestine. Being amphipathic molecules, bile acids aid in the emulsification of lipids and facilitate the absorption of lipid nutrients and lipid soluble vitamins [2] . Nearly 95 % of the bile acids that are secreted into the small intestine are transported back to the liver from the distal part of the ileum and colon via the enterohepatic circulation. Bile acid transport is achieved by both passive diffusion and active transport [3] . Although bile acids are efficiently cleared from the portal circulation by the liver, a fraction enters the systemic circulation. Fasting circulating bile acid levels are generally less than 5 lM and increase up to 15 lM postprandially [4] . The remaining 5 % of bile acids that escape absorption from the intestine is lost in the feces, a major route for the elimination of excess cholesterol from the body [1, 5] . In addition to their established roles in cholesterol homeostasis and lipid digestion, bile acids also act as signaling molecules. With the identification of the bile acid receptors, both the endocrine and paracrine functions of bile acids have become evident [6] . There has been an increasing development in understanding bile acid signaling, and bile acid receptors have become an attractive therapeutic target for the treatment of diseases such as metabolic syndrome, diabetes and nonalcoholic fatty liver disease (NAFLD).
Bile acid synthesis and regulation
Bile acid synthesis is a complex multistep process. There are two major bile acid biosynthetic pathways: the classical or neutral pathway and the acidic pathway. Bile acid synthesis from the classical pathway (75 %) is initiated by CYP7A1 (cholesterol 7 alpha-hydroxylase or Cytochrome P450 7A1), which is expressed only in the hepatocytes, whereas the acidic pathway (25 %), initiated by mitochondrial CYP27A1, is also expressed in macrophages and many other tissues [7] . It is worth noting that all the essential enzymes for the conversion of cholesterol into bile acids reside only in the liver, which is the main site of synthesis [8] . The rate-limiting steps in the classical pathway and acidic pathway are 7a-hydroxylation of cholesterol by CYP7A1 and the transport of free cholesterol to the inner mitochondrial membrane by StarD1, respectively [7, 9] . In humans, the primary bile acids produced in the liver are cholic acid (CA) and chenodeoxycholic acid (CDCA), whereas cholic acid and muricholic acid form the primary bile acid pool in mice. Primary bile acids are either glycine or taurine conjugated to render them more watersoluble. Upon reaching the large intestine, they undergo deconjugation and dehydroxylation by the bacteria present in the gut forming secondary bile acids, which consist of lithocholic acid (LCA) and deoxycholic acid (DCA) in humans [10, 11] . The secondary bile acids (unconjugated) are passively absorbed by the epithelial cells of the distal ileum, whereas the conjugated bile acids are actively transported via bile acid transporters [12] . Bile acids consist of a steroid core and a side chain with carboxyl group. The number and position of hydroxyl groups on the steroid core determine the hydrophilic or hydrophobic nature of the bile acid. The primary bile acids are more hydrophilic than the secondary bile acids, and taurine conjugates are more hydrophilic than the glycine conjugates [13] .
Bile acid synthesis is highly regulated. The basal rate of synthesis of bile acids in the liver is *0.6 g per day in healthy humans, the amount sufficient to replace the lost bile acids in the feces. The total bile acid pool in the gastrointestinal tract is *3 g, and this pool recirculates *4 to 12 times per day. If the reabsorption of bile acids is defective, de novo synthesis of bile acids in the liver increases up to 4-6 g per day. As high concentrations of bile acids are cytotoxic, bile acids regulate their own metabolism by exerting a negative feedback on their synthesis [5, 7, 14, 15] . The bile acid feedback repression mechanism is governed by the interplay of several nuclear receptors to inhibit the transcription of the CYP7A1 gene, the rate-limiting enzyme in bile acid synthesis [16] . In addition, factors such as diet, nutrients, cytokines and hormones also regulate the expression of CYP7A1 [17] .
Bile acid transport
Bile acid homeostasis is maintained by the balance of bile acid synthesis, secretion and reabsorption [7, 9, 17] . Bile acids are absorbed by both passive and active mechanisms. Passive absorption of bile acids occurs along the entire small intestine and colon. At the normal pH of the intestine (5.5-6.5), the majority of the unconjugated bile acids exist in the protonated or neutral form, and a very small amount of glycine-conjugated or taurine-conjugated bile acids is protonated [11] . Thus, the unconjugated bile acids are absorbed by passive diffusion; however, it is less intense than the active absorption [3, 12] . The majority of bile acids in the ileum are conjugated and exist in anionic form. Hence, the entry and exit of conjugated bile acids in the intestine and hepatocytes require an active transport system as they cannot cross the plasma membrane [5, 7] . Bile acid transporters play an important role in modulating bile acid signaling by controlling the flux of bile acids [9, 18] .
The conjugated bile acids are actively absorbed in the terminal ileum via apical sodium-dependent bile acid transporter (ASBT) [19] . The ileal bile acid-binding protein (IBABP) facilitates the intracellular transport of bile acids across the enterocyte, and the bile acids are effluxed to the portal blood via organic solute transporter a and b (OSTa/ OSTb) [20] . Other transporters such as MRP2, MRP4 and MRP3 are known to be involved in the transport of bile acids at the apical membrane and basolateral membrane of the enterocytes, respectively [21] .
The circulating bile acids in the portal blood are taken up by the hepatocytes through the basolateral membrane by the Na ? -dependent cotransporter system, NTCP [19, 22] . It is estimated that 90 % of the bile acid uptake is via Na ? -taurocholate cotransporting polypeptide (NTCP) and to a lesser extent by organic anion transporting polypeptides (OATP1 and OATP4). At the canalicular membrane of the hepatocytes, the BSEP (bile salt export pump) plays a major role in the secretion of bile acids into the bile canaliculi, whereas MRP2 (multidrug resistance associated protein-2) mediates secretion of bile acids along with other organic solutes [21, 22] . The heterodimeric organic solute transporters (OSTa/OSTb), MRP3 and MRP4 mediate secretion of bile acids into the circulation at the basolateral membrane of the hepatocytes [19, 20, 23] .
Bile acid receptors
The importance of bile acids as signaling molecules in the regulation of physiological function has gained attention with the discovery of receptors for bile acids. The most prominent and best-studied bile acid receptors are the farnesoid X receptor (FXR) and Takeda G-protein-coupled receptor clone 5 (TGR5) (Fig. 1) .
FXR
In 1999 three independent research groups reported that bile acids act as ligands for the FXR [24] [25] [26] . The discovery of FXR was later followed by human steroid and xenobiotic receptor (SXR) and its rodent homolog pregnane X receptor (PXR), vitamin D receptor (VDR) and constitutive androstane receptor (CAR), all of which are bile acid-activated nuclear receptors, which are known to be functionally related [27] [28] [29] .
Farnesoid X receptor (FXR) or NR1H4, a member of the nuclear receptor superfamily, was identified during the search for a new heterodimer that binds to the retinoid X receptor (RXR). FXR is highly expressed in liver, intestine, kidneys and adrenal glands and is selectively activated by CDCA (Table 1) [24] [25] [26] . FXR was identified as a master regulator playing a pivotal role in the feedback regulation of bile acid synthesis by repressing CYP7A1, the ratelimiting enzyme of the synthetic pathway [7, 9, 17] . FXR activates the expression of the bile acid export transporters (MRP2 and BSEP) and simultaneously represses bile acid import to regulate bile acid transport [30, 31] .
Thus, FXR functions as a sensor of metabolic signals and plays an important role in the regulation of bile acids Fig. 1 Schematic representation of the activation of TGR5 and FXR by bile acids. TGR5 is a plasma membrane G protein coupled receptor and FXR is a nuclear receptor that is activated by bile acids. The receptors are activated by both primary (CA and CDCA) and secondary bile acids (LCA and DCA). LCA is a potent activator of TGR5 while CDCA for FXR 
TGR5
Takeda G-protein coupled receptor clone 5 (TGR5), also known as GPBAR1, M-BAR or BG37, was first discovered in 2002 by two independent research groups in Japan [35, 36] . TGR5 is encoded by a single exon gene that maps to chromosome position 1c3 in mice and to chromosome 2q35 in humans. The coding region of the human TGR5 gene consisting of 993 bp encodes 330 amino acids and the protein shares 82, 83, 86 and 90 % homology with the rat, mouse, bovine and rabbit, respectively [37] . TGR5 is a member of the rhodopsin-like (class A) subfamily of GPCRs and is ubiquitously expressed with varied degrees of expression in different organs such as the spleen, placenta, gall bladder, liver, kidney, small intestine, colon, heart, skeletal muscles and pancreas, etc. (Table 1 [39, 40] . In addition to their cognate receptors, bile acids are also known to modulate the activity of formyl-peptide receptors (FPR), muscarinic receptors and S1PR2 (sphingosine-1 phosphate receptor 2) [41, 42] .
Steroids such as progesterone, androgen, estrogens, oxysterols and pregnenolone also stimulate TGR5. However, the concentrations of these steroids required to activate TGR5 are much higher than physiologically relevant concentrations and hence they are not considered true in vivo agonists of TGR5 [35] . This may be an artifact secondary to bile acids and steroids sharing cholesterol as a precursor molecule.
Functions of FXR that can be leveraged for therapeutics
FXR has numerous targets and through recent investigations has broadened the once limited role of bile acids on physiologic processes. Bile acids, via hepatic FXR activation, facilitate decreased triglyceride synthesis and secretion and are an important regulator of lipid metabolism (Fig. 2) [31, 32] . Additionally, the role of FXR in glucose homeostasis via the regulation of gluconeogenesis and glycogenolysis has been demonstrated [43] . The activation of FXR decreases gluconeogenesis and increases glycogen synthesis, the combined effect of which reduces hyperglycemia. FXR also plays an important role in skeletal muscle and adipose tissue by increasing insulin sensitivity and is thus a potential therapeutic target for treating metabolic syndrome [31] [32] [33] [34] and its liver manifestation, nonalcoholic fatty liver disease. Cardiovascular causes of death are the leading cause of death in those with nonalcoholic liver disease, and animal studies using FXR ligands have demonstrated a reduction of atherosclerosis with treatment [44] . Hence, this may be an attractive target to reduce mortality secondary to cardiovascular disease. The dual FXR/TGR5 agonist, INT-767, was also found to reduce atherosclerotic plaque formation and aortic inflammation via NF-KB inactivation in mouse models [45] . However, recent human trials indicate an increase in LDL cholesterol by 8-10 mg/dl in those receiving an FXR agonist [46] . On the other hand, it is now increasingly appreciated that LDL cholesterol alone is neither a very sensitive nor specific parameter to assess cardiovascular risk. Thus, it is yet unknown if these animal data will be translatable to humans.
Obeticholic acid, also known as INT-747 and 6a-ethylchenodeoxycholic acid (6-ECDCA), is a potent agonist for FXR. It is a derivative of CDCA, the natural agonist for FXR. Recent studies in rat cirrhosis models demonstrate obeticholic acid's ability to improve portal pressure via decreasing intrahepatic vascular resistance without the complication of systemic hypotension [47] . Thus, FXR agonists have a potential role in the treatment of portal hypertension and its clinical consequences of variceal bleeding, ascites and hepatic encephalopathy. Furthermore, rodent liver fibrosis models (porcine serum and bile duct ligation) have demonstrated the antifibrotic effects of 6-ECDCA on the liver, while the endogenous ligand of FXR, CDCA and ursodeoxycholic acid, an epimer of CDCA with no meaningful FXR activity, provided no protection from fibrosis [48] . Hence, there is a potential role for fibrosis prevention and even reversal with potent FXR agoinsts.
There is a human trial using FXR agonists in the setting of nonalcoholic fatty liver disease performed by the NIDDK NASH Clinical Research Network that is in phase 2b, the Farnesoid X Receptor Ligand Obeticholic Acid in Nonalcoholic Steatohepatitis Treatment (FLINT). The protocol of the study stipulated an interim analysis of histology and safety parameters after half of the patients had finished treatment and had an end-of-treatment liver biopsy. Due to the interim analysis, the study was terminated early as it was determined that the primary endpoint of the decrease in histological disease severity was met with treatment with obeticholic acid (OCA). OCA improved steatosis, inflammation and histologic ballooning [49] . Of note, there was a significant improvement in fibrosis, which has not been definitively demonstrated with other treatments for NASH in a single study. However, given the increase in LDL cholesterol, larger long-term trials are now needed to establish the therapeutic utility of OCA for NASH [46] .
TGR5 agonists
Bile acids play an important role in glucose homeostasis. Studies have demonstrated that bile acids via activation of TGR5 induce glucagon-like peptide-1 (GLP-1) secretion from the intestinal L cells [50] . INT-777, a specific TGR5 agonist, stimulates GLP-1 secretion in mouse enteroendocrine cells, STC-1, as well as in human intestinal NCI-H716 cells [51] . GLP-1 is known to regulate postprandial glycemic response by stimulating glucose-dependent insulin secretion from the pancreatic b cells and inhibition of glucagon secretion from pancreatic a cells [52] . TGR5, in addition to inducing insulin secretion, also increases insulin sensitivity. Insulin induced by TGR5 increases glucose uptake in the skeletal muscle as well as adipose tissue [53, 54] . The possible mechanisms involve an increase in glucose transporter 4 (GLUT-4) expression, an insulin-regulated glucose transporter, leading to the uptake of glucose (postprandial glycemic control) and its oxidative phosphorylation [51] . Thus, the involvement of TGR5 in glucose homeostasis was investigated in vivo using both gain of function and loss of function genetic approaches and was further elucidated by treatment with a selective TGR5 ligand and/or INT-777, a specific TGR5 ligand [51] . These studies were performed in mice, and there are currently no human trial data using pure TGR5 agonists.
Conclusion
Bile acids and their derivatives have emerged as potential therapeutics for the management of many liver diseases, especially nonalcoholic fatty liver disease. The targets of these bile acids and their derivatives are beyond the previous scope of their traditional mechanisms of cholesterol homeostasis and lipid digestion. Bile acids also act as signaling molecules via nuclear and plasma membrane receptors and have effects on atherosclerosis, insulin sensitization, glucose utilization and relieving portal hypertension. With human trials afoot, we will soon be able to understand the dynamic impact of bile acid receptor targets on the physiologic, biochemical and histologic aspects of human liver diseases.
